~" The pathogenesis of delayed cerebral radiation necrosis was studied histologically and biochemically in 25 dogs with special attention to vascular endothelial cell injuries. The dogs were sacrificed 3 to 30 months after irradiation with a single dose of 15 Gy to the head. Brain specimens were appropriately fixed for light and electron microscopic studies, and capillary endothelial cells were isolated for flow cytometric study. The endothelial cells were stained with acridine orange, then the cell ratios in the reproductive phase (S + Gz + M) were investigated with flow cytometry. Thereafter, Feulgen hydrolysis and computer analysis of the hydrolysis curves were performed to examine the qualitative changes in deoxyribonucleic acid (DNA) of endothelial cells after irradiation. Under light microscopy, spongy degeneration with small cell infiltration was observed, especially in the frontal white matter, at 6 months after irradiation. At 9 months, necrotic foci appeared and developed until 15 months after irradiation. Blood vessels around the necrotic area showed luminal narrowing with endothelial hyperplasia and proliferation. At 30 months, no fresh necrotic lesions were observed. Under electron microscopy, endothelial cells of capillaries and small vessels around the necrotic area showed an increase of pinocytosis, and in the nuclei there was an increase of infoldings and euchromatin. The cell ratios in the reproductive phase were 14.5% to 23.3% (maximum at 9 months) in the irradiated group compared to 6.4% in the control group. The rate constant of apurinic acid production, a parameter correlating with DNA transcriptional activity, was minimum at 3 months and maximum at 9 months after irradiation. The data suggest that impairment of the microcirculation plays an important role in the pathogenesis of delayed radiation necrosis, and that the time of necrosis occurrence closely correlates with the cell cycle of vascular endothelial cells. KEY WORDS 9 radiation necrosis 9 endothelial cell 9 flow cytometry 9 Feulgen hydrolysis
D
ELAYED radiation necrosis is a hazard associated with therapeutic irradiation to the central nervous system and is known to occur several months to a few years after irradiation. 24"27' 33"34' 36 ' 52 Llena, et al., 35 and Matsumura 37 used light and electron microscopy to examine endothelial damage adjacent to the necrotic brain of irradiated patients. Although many researchers have suggested impaired microcirculation of the brain resulting from endothelial injuries as a causative factor, the pathogenesis of this complication remains obscure.~~ Caveness 9 performed a series of experiments in monkeys and suggested that the cell cycle of the cerebral endothelial cells plays an important role in the development of delayed radiation necrosis. There has been as yet no detailed study related to the changes in the cell cycle and deoxyribonucleic acid (DNA) injury of the cerebral endothelial cells after irradiation.
In the study described here, the pathogenesis of delayed cerebral necrosis after irradiation was histologically and biochemically analyzed in dogs with special attention to vascular endothelial injuries. A single radiation dose of 15 Gy of x-ray was administered to the head of 19 dogs and the brain was examined by both light and electron microscopy 3 to 30 months later. At the same time, the cell cycle and DNA quality of the cerebral capillary endothelial cells were investigated by means of flow cytometry and computer analysis of Feulgen hydrolysis curves.
Materials and Methods

Animals and Irradiation Method
Twenty-five mongrel dogs, each weighing 8 to 12 kg, were used in this study. Nineteen dogs were irradiated and six dogs served as controls. For irradiation, each dog was placed under sodium pentobarbital (20 to 30 mg/kg) anesthesia and a single x-ray dose of 15 Gy was delivered to the left cerebral hemisphere using a linear accelerator with an electron beam energy of 10 MeV. The dogs were sacrificed 3, 6, 9, 12, 15, or 30 months after irradiation and the brain was immediately resected.
Light and Ek, ctron Microscopic Examination
For the light microscopic study, specimens of brain were fixed in formalin solution, embedded in paraffin, and subsequently stained with hematoxylin and eosin (H & E) and Luxol fast blue (LFB). For the electron microscopic study, specimens were fixed in 2.5% glutaraldehyde for 2 hours, postfixed in 1% osmium tetroxide for 1 hour, dehydrated in graded ethanol, and embedded in an Epon-Araldite mixture. Ultrathin sections were stained with uranyl acetate and lead citrate, and examined with an electron microscope.*
Isolation of Cerebrovascular Endothelial Cells
Cerebral capillary endothelial cells were isolated from the canine brain as described by Goetz, eta[. 29 Briefly, approximately 20 gm of brain was minced in Eagle's minimum essential medium (MEM) with 10% fetal bovine serum, rinsed, and centrifuged. The pellet was resuspended in MEM containing 0.5% collagenase-dispase~" and incubated for 1 hour at 370C. After repeated pippeting, the tissue was centrifuged, and resuspended in bovine serum albumin (BSA) solution (25% BSA in MEM). Following centrifugation, the floating cake was removed and resuspended in BSA solution and again centrifuged. The microvessel pellet was resuspended with MEM and filtered through a 150-#m pore nylon mesh sieve. The filtrate containing microvessels was pelleted by centrifugation, redispersed in 5 ml collagenase-dispase solution, and incubated at 37"C for 30 minutes. The diluted suspension with MEM was passed over a glassy column filled with glass beads and supported by a 50-#m pore nylon mesh screen. ]'he cells retained within the column were washed with MEM, and the glass beads were then placed in a centrifuge tube; the cells adhering to the nylon mesh screen were washed into the same tube. By gentle shaking and decanting the supernatant fluid, the cells were separated from the beads. Finally, the cells were collected by centrifugation.
Preparation of Samples for Flow Cytometry
The isolated cells were rinsed twice with phosphatebuffered saline (PBS), pH 7.2, and fixed in 70% ethanol for 16 hours at 4~ The cells were then collected by centrifugation, resuspended in PBS containing 2000 * Electron microscope, Model H-600, was manufactured by Hitachi Scientific Instruments, Naka Works, Katsuta, lbaraki, Japan.
~" Collagenase-dispase was manufactured by Boehringer Manheim, Indianapolis, Indiana. units of ribonuclease (RNase) preheated to destroy deoxyribonuclease (DNase) activity, and incubated for 30 minutes at 37"C. The pellet was rinsed in citratephosphate buffer, pH 6.5, then suspended in 2 M HCI. Feulgen hydrolysis was performed on the solution at 30"C for 0, 15, 30, 60, and 90 minutes. Acid hydrolysis was stopped in an ice-cold citrate-phosphate buffer. In the next step, 0.2-ml samples containing 1 x 104 to 10 ~ cells were stained by the addition of 1.6 ml acridine orange solution ( 10 ug/ml acridine orange, 0.15 M NaC1 in citrate-phosphate buffer), pH 6.5, for 30 minutes at 4~
Fluorescent Measurement by Flow Cytometry
Fluorescent and light scatter signals, generated as each cell passed through an elliptically focused 488-nm argon-ion laser beam, were measured in the CS-20 flow cytometer interfaced with a microcomputer.:~ The red (F > 630, measured in a band from 630 to 650 nm) and green (F 530, measured in a band from 515 to 575 nm) fluorescent emissions for each cell were separated by optimal filters, and quantified by separate photomultipliers. The data were recorded on a computer for further analysis.
Analysis of Feulgen Hydrolysis Curves
The amount of apurinic acid at hydrolysis time t is expressed by Y(t) = aKl(exp -~" -exp-K2t)/(K2 -K~), where a represents the amount of DNA potentially present initially, and K~ and K2 represent rate constants of depurination (production of apurinic acid) and depolymerization, respectivNy. Each parameter of the equation was determined by fitting the results obtained by red fluorescent measurement by flow cytometry to the equation using the computer according to the least-:~ Flow cytometer was manufactured by Showa Denko, Tokyo, Japan. squares fitting program. (In acid-denatured DNA, acridine orange binds to the phosphates of single-stranded DNA involving dye aggregation, resulting in green fluorescent and dye-dye interaction that causes red fluorescent.) When more than one animal was sacrificed at the same interval after irradiation, the animal that showed the better correlation between the observed value and the expected value obtained from regression analysis was used.
Results
Light Microscopic Findings
No remarkable change was observed at 3 months after irradiation. At 6 months, scattered spongy changes were noted, especially in the frontal white matter, and perivascular cuffing of lymphocytic cells was seen in the small vessels and capillaries around the spongy area. In contrast, the parenchymal tissue and larger vessels of the cortex were almost normal. At 9 months, the spongy areas extended from the frontal white matter to the parietal white matter and contained necrotic foci approximately 400 gm in diameter (Fig. 1) . The necrotic areas were liquefied and infiltrated by phagocytic cells. The surrounding vessels showed thickening of the walls with an infiltration of lymphocytic cells (Fig. 2 upper left). These changes were observed more frequently in the small vessels or capillaries. At 15 months, spongy changes were also observed in the subcortical white matter and the necrotic area enlarged up to 1 to 2 mm in diameter. The vessels around the necrotic area showed narrowing of the lumen due to both endothelial proliferation and infiltration of the lymphocytic cells ( Fig. 2 upper and lower right) . The cortex showed partial loss of neurons and increase of glial cells. At 30 months, the same extent of necrotic area and glial proliferation was seen as observed at 15 months. On LFB staining, marked demyelination of the subcortical white matter was noted at both 15 and 30 months (Fig. 3) .
FIG. 3.
Photomicrograph showing demyelination extending from the necrotic area to the neighboring whole white matter, at 15 months after irradiation. LFB, x 52. 
Eh'clron Microscopic kTndings
No remarkable change was observed in the vascular endothelial cells on electron micrographs at 3 months after irradiation. At 6 months, however, capillaries and small vessels showed increased pinocytosis of endothelial cells, and vascular walls were swollen by a number of lymphocytes. At 9 months, endothelial cells showed hypertrophic change and the nuclei exhibited an increase of infoldings and euchromatin (Fig. 4) . The cytoplasm was abundant in intermediate filaments, free ribosomes, Weibel-Palade bodies, and microvillous projections (Fig. 5 ). In addition, endothelial cells were surrounded by multilayered basal lamina and bundles of collagen fibrils (Fig. 6 ). These changes were observed at 15 months after irradiation as well, but not at 30 months.
Celt Ratio in the Reproductive Phase
The cell ratio in the reproductive phase (S + G2 + M) was obtained by analyzing a single-parameter frequency histogram of the green fluorescent (F 530) intensity. The value was 15.0% at 3 months after irradiation, 14.7% at 6 months, 23.3% at 9 months, 14.5% at 12 months, 15.7% at 15 months, and 20.1% at 30 months. It was always higher than the control level of 6.4% and showed a maximum value at 9 months, when necrotic foci were first observed ( * Data show the best value obtained from the regression analysis between observed and expected values in each group. Control animals were the non-irradiated group. Abbreviations: a = the constant representing the amount of potentially stainable DNA present initially: lp = the maximal yield of apurinic acid: tp = the peak time of depufination: K~ = the rate constant of depurination: K, = the rate constant of depolymerization: au = arbitraD' units. Figure 7 shows representative Feulgen hydrolysis results in a dog sacrificed 15 months after irradiation. Acridine orange bound mainly to double-strand DNA, which resulted in green fluorescent at hydrolysis time 0; the fluorescent wavelength was inclined to red 15 minutes after, which indicated apurinic acid production. With the progression of hydrolysis, the peak red fluorescent value decreased gradually from 18 to 8, which indicated destruction of apurinic acid. Table 2 shows the computer analysis results of the Feulgen hydrolysis curves and Fig. 8 The hydrolysis curves using the values of parameters obtained by computer analysis are shown in Fig. 9 . The initial rise in the curve represents production of apurinic acid, which was steeper at 9 months than at other times. The following decrease in the curve represents destruction of apurinic acid, which was more gradual at 6 months. Fi~;. 6. Electron micrograph of a specimen at 9 months after irradiation. Regenerating capillaries are surrounded by multilayered basal lamina and a number of collagen fibrils. x 1085.
Analysis of Feulgen Hydrolysis Curves
Discussion
Palhogenesis of Radiation Necrosis
The pathogenesis of delayed radiation necrosis remains obscure despite a number of experimental and clinical studies. 4-6,9,1~ In ex- Table 2 . tp = the peak time of depurination; Ip = the maximum yield of apurinic acid; a = the constant representing the amount of potentially stainable DNA present initially; k~ = the rate constant of depurination; k2 = the rate constant of depolymerizatJon; C = control dogs; a.u. = arbitrary units. periments using primates, Arnold, et al., [4] [5] [6] observed that the readily seen radiation damage of the white matter initially occurs in the myelin and subsequently in the axons. They suggested that vascular changes are not a primary effect of irradiation but a secondary lesion. A similar conclusion was drawn by other researchers. ~7,5~ On the other hand, Crompton and Layton jz suggested that radiation necrosis might be an allergic reaction to the altered proteins induced by irra- N. Y a m a g u c h i , T. Y a m a s h i m a , a n d J. Y a m a s h i t a diation, as the affected vascular walls in humans show fibrinoid change and eosinophilic infiltration.
Recently, impaired microcirculation due to the disruption of the blood-brain barrier has been suggested as a causative factor of delayed cerebral radiation necrosis in both clinical and experimental materials. 9'~~ 3~.33 30.4~ Llena, et al., 35 and Matsumura ~7 observed fibrinoid necrosis, fenestration, and increased pinocytosis of endothelial cells in blood vessels around the necrotic area. McDonald and Hayes 4~ observed swelling and necrosis of endothelial cells in rabbits. In the present study, spongy degeneration was first noted 6 months after irradiation in the white matter. At that time, capillaries and small vessels showed increased pinocytosis of endothelial cells and perivascular cuffing. Necrotic loci appeared 9 months after irradiation, and enlarged until 15 months. In blood vessels around the necrotic area, luminal stenosis or obstruction was observed due to hyperplasia and proliferation of endothelial cells.
It was suggested from these data that delayed radiation necrosis mainly results from impaired microcirculation due to endothelial cell damage. The latter might lead to denuded collagen and thrombosis, or genetically encoded radiation-induced changes in endothelial cell surface charge might cause platelet aggregation.
Cell Cycle of Endothefial Cells
Caveness 9 observed similar vascular changes in monkeys weeks or months after irradiation, and suggested that delayed occurrence of necrosis might be closely related to the cell cycle of endothelial cells. Despite some reports on the cell cycle of vascular endothelial cells other than brain tissue, 23'3~176 there are no detailed reports on the cell cycle of cerebrovascular endothelial cells. Tannock and Hayashi 5~ demonstrated that the turnover time of capillary endothelial cells of muscle, skin, or bone in mice, is about 2 months or more. Engerman, et al., 23 indicated that the ratio of cells in the DNA synthesis phase in mice is 0.01% for capillaries in the retina and and 0.14% for capillaries in the myocardium. Goldsmith, eta/., 3~ reported Go + G1 fractions of 88.0% to 90.0% in their confluent primary endothelial monolayers from the systemic or pulmonary circulations.
In the present study, the cell ratio in the reproductive (S + G2 + M) phase was investigated by analyzing a green fluorescent single-parameter frequency histogram (acridine orange intercalates into double-helical nucleic acids resulting, under specific conditions, in green fluorescent; its intensity is proportional to DNA content per celP3-~6). The cell ratio in the reproductive phase was 6.4% in the control group and 14.5% to 23.3% in each irradiation group, which suggested that irradiation caused partial synchronization of the cell cycle in the endothelial cells. 2~.22 At 9 months after irradiation when remarkable necrosis was observed, this cell ratio was at the maximum level of 23.3%. Most of the endothelial cells that have undergone synchronization of the cell cycle by irradiation conceivably transfer to the following mitotic phase at 9 months.
It is suggested that the interval between irradiation and the onset of microcirculation failure might reflect the time at which the critical number of damaged endothelial cells enter the mitotic phase. The damage of the endothelial cell nuclei induced by irradiation might be cumulative and not manifest until the following division.
Endothelial DNA
The main targeting site of irradiation to the cell is known to be DNA or its circumstanced structure, chromatin. In this study, qualitative changes of DNA in capillary endothelial cells were analyzed by the Feulgen hydrolysis reaction. Brhm and The Feulgen reaction varies depending upon the fraction of the cell cycle, 4~ and is considered to be proportional to the DNA transcriptional activity. ~ ~.z5 32,46 Furthermore, before DNA synthesis, the reaction is activated several-fold and chromatin shows a more dispersed structure. 28"43 ' 49 In the Feulgen hydrolysis curve, an initial ascending slope represents a production of apurinic acid from DNA (depurination), 7'~9'29' 4g and KI is the rate constant of this reaction. Accordingly, K~ is considered to be a parameter correlating with DNA transcriptional activity based on the difference in spatial structure ofchromatin.
The fact that K~ was at the maximum level 9 months after irradiation suggests that DNA transcriptional activity increased at that time due to the dispersed chromatin structure in the vascular endothelial cells. This is consistent with the fact that the ratio of cells in the reproductive phase was at the maximum level at that time. On the other hand, a gradual curve following apurinic acid production represents destruction of the acid (depolymerization), and K2 is the rate constant of this reaction. ~s'2~ Andersson and Kjellstrand z-3 analyzed the Feulgen hydrolysis curves in Ehrlich's ascites tumor cells, and reported that the K2 value correlated with stability of DNA. In this study, K2 was lowest 6 months after irradiation and highest at 12 months, thus showing an inverse phase relationship to the maximum yield of apurinic acid Ip. However, the correlation of K2 with stability of DNA was not clear.
In summary, irradiation to the brain caused partial synchronization in the cell cycle of endothelial cells and transition of a considerable number of the cells into the following reproductive phase at 9 months. Regenerated endothelial cells were morphologically and functionally abnormal, presumably due to the DNA injury. Accordingly, the resultant impairment of the cerebrovascular microcirculation might lead to delayed necrosis of the brain.
